Determining the drivers, patterns and hotspots of biodiversity can be of critical importance in 14 supporting regional conservation planning. However, as biodiversity hotspots can be described with several 15 different metrics, it is important to investigate their congruence as well as the spatial overlap of hotspots with 16 protected areas. Here, by using extensive data on climate, topography, soil characteristics and vascular plants 17 combined with boosted regression tree models, we determine the patterns and key drivers of plant diversity 18 hotspots along broad environmental gradients in northernmost Europe spanning from taiga landscapes to 19 treeless tundra. We assess plant diversity with four metrics -species richness, range-rarity richness, threatened 20 species richness, and local contribution to beta diversity -and examine their congruence with each other as 21 well as with contemporary conservation areas. 22
Introduction 33
The successful conservation of biodiversity depends on our ability to understand and predict 34 the properties and distribution of diversity and, in particular, the hotspots thereof. This calls for continuous 35 efforts to determine the key drivers of biodiversity (Gould 2000 , Moritz 2001 , Zellweger et al. 2015 . 36
Identifying biodiverse regions, i.e. diversity hotspots, can also be useful in recognizing priority areas for 37 conservation (Prendergast et al. 1993 , Myers et al. 2000 . Hotspots can be identified via assessments of 38 diversity patterns across landscapes. They are commonly quantified through different diversity metrics, such 39 as measures of the total, rare, narrow-ranged, or threatened species richness occurring at a given site 40 (Prendergast et al. 1993 , Williams et al. 1996 , Reid 1998 , Armsworth et al. 2004 , Ceballos and Ehrlich 2006 . 41 3 different diversity hotspots is the comparison of their distributions with existing Protected Areas (PAs) to 48 determine potential conservation shortfalls (Scott et al. 1993 , Flather et al. 1997 , Virkkala et al. 2013 , Huang 49 et al. 2016 . 50
Total species richness (TSR), a direct proxy for α-diversity (i.e. local diversity at a given site), 51 is widely used to depict the biodiversity and conservation value of an area (Whittaker 1972 , Steck et al. 2007 Magurran and Dornelas 2010). However, TSR may be insufficient in representing local aggregations of rare 53 species (Reid 1998 ). This is a potentially critical deficiency as spatially restricted species and species of 54 elevated conservation concern contribute greatly to biological uniqueness and are often classified as having a 55 greater extinction risk than common species (Csuti et al. 1997 , Lamoreux et al. 2006 , Peters et al. 2015 . Thus, 56 hotspots of such species are considered to have a higher conservation value than areas where species richness 57 is similar but composed of mainly common species (Lennon et al. 2004 , Malcolm et al. 2006 , Mouillot et al. 58 2013) . The richness of spatially restricted species can be represented by range-rarity richness (RRR), also 59 known as rarity-weighted richness and rarity score. RRR is a frequently used biodiversity metric to quantify 60 and locate areas richest in species with the most restricted ranges (Williams et al. 1996 , Myers et al. 2000 , 61 Levin et al. 2007 ). The richness of species of high conservation concern, including both the threatened and 62 near threatened species (THR) of a given site can be exemplified by the amount of Red Listed species present 63 (Gjerde et al. 2004 ). TSR, RRR and THR are commonly used in diversity studies (Bonn et Identifying the drivers of biodiversity and assessing differences between diversity indicators 69 can help focus field surveys and conservation efforts, or aid in detecting threats to biodiversity (Brooks et al. 70 2006, Cañadas et al. 2014) . Previous studies have shown that various environmental factors influence species 71 richness patterns (Wohlgemuth 1998 , Lobo et al. 2001 , Loidi et al. 2015 and that observed biodiversity 72 hotspots generally showcase low congruence (e.g. Feng et al. 2011 , Daru et al. 2015 . There is thus growing 73 interest in finding a more comprehensive way to identify diversity hotspots, but knowledge is still lacking 74 regarding what drives different diversity metrics, their hotspots and congruence, and how these manifest across 75 extensive environmental gradients at high latitudes (Orme et al. 2005 , Magurran 2013 ). 76
Here we address these information gaps by seeking further understanding on which factors 77 govern vascular plant diversity patterns and the congruence of different diversity hotspots in high-latitude 78 continental Europe. This study combines a statistical modelling approach with extensive data of regional 79 environmental attributes and a unique dataset of vascular plant species based on field observations. We 80 examine the drivers and patterns of four diversity metrics: overall species richness (Prendergast et al. 1993) , 81 range-rarity richness (Myers et al. 2000) , richness of species of elevated conservation concern (Gjerde et al. 82
2004), and local contribution to β-diversity (Legendre and Cáceres 2013). By determining the effects of 83 climatic, topographic and edaphic parameters along a broad gradient spanning from forested taiga to treeless 84 tundra, we identify what drives discernable patterns and differences between the metrics. Furthermore, we 85 quantify the congruence of diversity hotspots to examine their value for conservation efforts. Lastly, as 86 hotspots falling outside areas currently protected can help define conservation gaps in a geographically explicit 87 way (Flather et al. 1997 ), we overlay our results with current PAs to evaluate their efficiency in preserving 88 vascular plant diversity within the studied high-latitude region. 89
Materials and methods 90

Study area 91
The study area, located in northernmost Europe between 67°N and 69°N, is influenced by the 92 Arctic Ocean, the proximal Scandes Mountains (Fig. 1 
Vascular plant species data 101
Occurrence records for 593 vascular plant species in 1 × 1 km cells (n =2073) served as the 102 basis for this study (Fig. 1 ). Species data was collected for each cell by professional botanists and supplemented 103 by exploration of species records from scientific literature and herbaria with the floristic material being 104 maintained in the Kastikka-database, property of the Botanical Museum (University of Helsinki, Finnish 105
Museum of Natural History). Ranging from taiga to treeless tundra, all the main biotopes found in the study 106 region are represented by the species data. The northern parts of the study region were subjected to a higher 107 sampling intensity. To account for the possible effects of this sampling bias, we utilized spThin, an R package 108 for spatially thinning species occurrence records for use in SDMs (Aiello-Lammens et al. 2015). The data were 109 thinned 100 times with points randomly removed from within a given radius (here, 5 km as the total number of vascular plant species occurring in a given grid cell (Prendergast et al. 1993 , Gaston 115 2000 . The RRR metric, following terminology suggested by Guerin and Lowe (2015) , was built up by first 116 calculating the range-rarity richness of a single species as the inverse of range size (Williams 2000) , here 117 substituted with the estimated range cover of each species within Finland, Sweden, and Norway according to 118 the Nordic Flora (Mossberg and Stenberg 2003) . The range-rarity richness of a 1 × 1 km cell was calculated 119 as the sum of the inverse of the ranges of all the species occurring in that cell (Table 1) . Due to a strong 120 correlation with TSR, we divided the range-rarity richness of each cell by its TSR to give relative range-rarity 121 richness (RRR: suggested by Williams et al. 1996) . RRR thus employs grid cell occupancy to quantify range 122 restriction, with higher values indicating greater rarity (Williams et al. 1996 , Levin et al. 2007 . 123
The THR metric was based on the Red List status of the species (Rassi 2010) . The categories 124 employed here are Critically Endangered (CR), Endangered (EN), Vulnerable (VU), and Near Threatened 125 (NT). A total of 73 species (12%) in our data set fall within these categories: three as CR, ten as EN, 23 as VU, 126 and 37 as NT (Appendix A). THR thus represents the total number of the species of elevated conservation 127 concern occurring in a given cell. The LCBD metric was calculated according to the methodology proposed 128 by Legendre and Cáceres (2013) . We utilized the R scripts provided therein, adjusted with Sørensen 129 dissimilarity coefficients and tested with 999 permutations. Large LCBD values indicate highly unique sites 130 in terms of community composition, i.e. they contribute more than the mean to β-diversity (see Legendre and 131 Cáceres 2013 for further details). 132
Environmental data 133
We utilized an extensive environmental data set of climatic, topographic, and edaphic variables 134 resampled to a 1 × 1 km resolution covering the entire study region (n= 25 766) to identify dominant diversity 135 predictors ( Table 2) 
where pi is the proportion of substrate types relative to the total number of substrate types. From this we 177 calculated a common measure of evenness and diversity, Simpson's E: 178
where D is Simpson's D and S is the number of soil types present in a given grid cell. 180
Modelling environmental drivers of diversity and identifying hotspots 181
We applied boosted regression tree (BRT) modelling to the four diversity metrics to identify 182 their drivers and distributions (Fig. 2) . BRT modelling combines the strengths of boosting and multiple 183 regression trees. BRT models can fit complex nonlinear relationships, do not require prior data transformation 184 or outlier elimination, and take into account interactions between predictors. BRT models have a high 185 predictive performance and can be summarized to provide deep ecological insight (Elith et al. 2008) . 186
In the first phase of the modelling process, relationships between observations (100 separate 187 thinned samples of 214 cells each) of the four diversity metrics and the nine explanatory variables were fitted 188 using functions from the gbm package (Ridgeway 2010 ). Each BRT model was built by setting tree complexity 189 to four, learning rate to 0.005 and the minimum number of observations in terminal nodes to two. The number 190 of trees was limited to 3000, and bagging fraction to 0.5. The response variables were fitted with identical sets 191 of predictors using Poisson distributions. We used a metric of R 2 as suggested by Kissling and Carl (2008) In the second modelling phase, we produced predictive maps for the four diversity metrics by 196 fitting the models to cover all grid cells in the study region (n = 25766). The models were calibrated using all 197 grid cells with available species data within a data sample. Models were cross-validated based on four runs, 198 each time selecting a 70% random calibration data sample while verifying model accuracy against the 199 remaining 30%. We assessed model predictive power by comparing the observed and predicted values of the 200 evaluation data using R 2 analysis. 201
In the third phase, we applied model predictions to delineate diversity hotspots. Hotspots were 202 subjectively defined as the richest 5% of cells (n = 1289 for each metric), a commonly used threshold (see e.g. 
Results 215
The mean number of observed vascular plant species per cell was 60 species (67 in the thinned 216 data), ranging from six to 240 (219) species. Relative range-rarity richness ranged from near zero to 6.2 (3.5) 217 with a mean of 0.3 (0.03). The average richness of species of elevated conservation concern was less than two 218 species per cell, and varied between zero and 32 (14) species. Values of LCBD ranged from 0.0003 to 0.0007, 219 averaging out at 0.0005 (see Table 2 ). 220
The combined effect of the four most important drivers accounted for a majority of variable 221 relative influence. TSR showed a particularly strong relationship with climate, as GDD3 for a majority of mean 222 variable importance (60%: Fig. 3 ). TSR hotspots are most likely to occur in areas with warmer growing 223 conditions. Thus although TSR hotspots exhibit a scattered distribution throughout the study region, a 224 significant portion is found in the south (Fig. 4) . For RRR, GDD3 is the most influential variable (53% mean 225 variable importance), followed by TWI, radiation and FDD (combined mean relative influence of 26%). RRR 226 hotspots are most likely to occur in areas with, on average, cooler growing seasons and milder winters, 227 combined with a high TWI (Fig. 3 ). They are highly clustered and concentrated almost entirely in the 228 northernmost parts of the study region ( Fig. 4) . THR is, besides the main influence from GDD3, also strongly 229 affected by topo-edaphic drivers (Fig. 3) , with hotspots predicted to be found in areas with calcareous 230 substrates and high TWI and WAB (Fig. 4) . LCBD is mainly influenced by two climatic predictors, GDD3 231 and FDD (Fig. 3) . The spatial pattern of LCBD is patchy, with hotspots located mainly in the northern regions 232 ( Fig. 4) . 233
The mean fit of the models, i.e. model explanatory power as demonstrated by R 2 , were 0.65 (σ 234 0.02) for TSR, 0.66 (σ 0.13) for RRR, 0.57 (σ 0.03) for THR, and 0.45 (σ 0.19) for LCBD ( Fig. 3) . Model 235 predictive ability (cross-validated R 2 values), were 0.46 (σ 0.08) for TSR, 0.30 (σ 0.18) for RRR, 0.23 (σ 0.07) 236
for THR, and 0.04 (σ 0.05) for LCBD ( Fig. 2 ; see Appendix C for the model predictive ability boxplot). These 237 results suggest that the more commonly used richness metrics can be explained fairly well with our suite of 238 predictors, whereas LCBD is more challenging to model. However, the model outcomes display limited 239 predictive accuracy, particularly for TSR, THR and LCBD. 240
Our hotspot analysis reveals little spatial congruence between the metrics (Figs 4 & 5) . Spatial 241 congruence is moderate between TSR and THR (TSS = 0.52): sites with high species richness are more likely 242 to host species of elevated conservation concern than the other metrics. Some congruence was found between 243 RRR and LCBD (TSS = 0.11). Most of the hotspots are discordant (TSS = -0.05) and do not share any hotspots 244 (Figs 4 & 5) . Cumulatively, hotspots for the four metrics occupied a total of 4255 grid cells (representing ~17% 245 of the study area: Fig. 4 ). Overall hotspot congruence is extremely low: 4% were congruent for two metrics; 246 none of the hotspots overlapped for more than two metrics (Figs 4 & 5) . 247 Current terrestrial PAs cover 38% of the study region. (Fig. 6) . The metrics most congruent 248 with PAs are RRR and LCBD, with 1039 and 1037 hotspot grid cell predictions falling within current PAs, 249 respectively. TSR and THR have 151 and 179 of their hotspots within PAs, respectively (Fig. 6 ). In total, 2149 250 hotspots fall into PAs. Thus, 50% of the predicted hotspots are currently protected. However, hotspot 251 congruence with existing conservation areas varied markedly for the different diversity metrics. Of all the 252 hotspots falling within contemporary PAs, 257 are congruent for two indices, representing 12% of the 253 congruent hotspots. 254
Discussion 255
Our results show that large variations in vascular plant diversity characterize high-latitude 256 landscapes. Climate plays an important role in regulating these patterns, but the spatial configuration of 257 diversity-rich locations is critically dependent on the metric used to assess diversity. In addition, topo-edaphic 258 variables appear important in determining patterns of species of high conservation concern or those with 259 limited range size. From a conservation planning perspective it is important to acknowledge that the predicted 260 diversity hotspots are generally highly non-congruent. Moreover, although our study region has an extensive 261 PA network, it provides only varying coverage and appears highly limited for hotspots of total species richness 262 and species of elevated conservation concern. 263 4.1. The patterns and drivers of diversity 264
Our findings demonstrate that parallel to climate and energy availability generating diversity 265 by climate on all of the predicted hotspots, these hotspots may be particularly sensitive to climatic change. 276
Though a useful predictor for TSR, RRR and LCBD, climate appears slightly less influential for predicting 277 patterns of threatened or near-threatened plant species (see Jetz and Rahbek 2002) . 278 THR, though also affected by climate, appears to also be reliant on conditions further down the 279 hierarchy, exhibited by topo-edaphic speciation through the influence of slopes and substrate (Fig. 3 ). Our 280 findings show calcareous bedrock to support a higher THR (see also Heikkinen and Neuvonen 1997, Anderson 281 and Ferree 2010). As calcareous areas are not common in this region, it follows that many of the species 282 favoring a high soil pH are rare or threatened (Kauhanen 2013 ). Furthermore, due to linkages between bedrock 283 pH and plant diversity with evolutionary history (Chytrý et al. 2003) , historical dynamics are highly relevant, 284 alongside contemporary conditions, for patterns of plant diversity (Gaston 2000) . Areas with higher soil 285 moisture are also more likely to be THR hotspots by providing suitable habitats for greater numbers of at-risk 286 species. Moister soils can reduce exposure to extremes in temperature ( have implications particularly for the species of high conservation concern, predicted to bear the brunt of 291 climate change (Bomhard et al. 2005 . In other words, the more topo-edaphically defined 292 THR hotspots may be more likely to have a higher chance of being buffered from upcoming changes than the 293 more climatically influenced hotspots. Furthermore, in a warming climate, the hotspots offering cooler 294 temperatures (RRR) may be more adversely affected than those with a positive response to temperatures (TSR 295 and THR). 296
Although we find that diversity patterns can be modelled with environmental variables, 297 similarly to previous studies at high latitudes Neuvonen 1997, Niskanen et al. 2016a ), 298 predictions have limited surrogacy for observations. The limited predictive accuracy indicates problems 299 requiring further attention in modelling future diversity patterns, particularly of species of high conservation 300 concern or local contributions to diversity. The low to moderate predictive power could be partly explained by 301 the divergent environmental requirements of the large set of common and rare species used here (Heikkinen 302 et al. 1998, Jetz and Rahbek 2002) . The deterministic selection of species assemblages by specific 303 environmental factors can be seen particularly in the environmental variables of the highest importance (here, 304 mainly climatic drivers, local topography, and substrate). However, the low accuracy of some of the models 305 suggests that some stochastic or ecologically neutral processes acting here are insufficiently captured with our 306 modelling framework. Furthermore, the effects of disturbance regimes (which can affect biodiversity patterns, 307 see le Roux and Luoto 2014) were not accounted for here due to the lack of robust spatial disturbance data 308 covering the whole study area . Nevertheless, we acknowledge that such processes are likely to be relevant for 309 future studies of cold-climate biodiversity. Overall, our results support the importance of direct observations 310 for biodiversity assessments and highlight a need for further knowledge regarding the complex interactions 311 between, not only species and the environment, but also various diversity metrics. 312
The congruence of diversity hotspots 313
The different drivers behind the various aspects of diversity are mirrored in the discordant 314 spatial patterns and low hotspot congruence (Figs 4 & 5; see also Orme et al. 2005) . The low congruence 315 between the metrics could result from contrasting responses to environmental conditions, further intensified 316 by how TSR hotspots are more likely to share species with other sites and thus have lower LCBD (see e.g. 317 Maloufi et al. 2016 ). Limited overall hotspot congruence could also reflect the small size of the hotspots, or 318 the chosen hotspot threshold (Daru et al. 2015) . Low congruence leads to difficulties in sustaining various 319 facets of diversity simultaneously, indicating that multiple measures are necessary to capture the complexity 320 of biodiversity and that an integrative approach is needed in identifying priority areas. For example, though 321 they have the highest total species count, using TSR hotspots as priority sites would potentially exclude the 322 most ecologically unique sites and hotspots of range-restricted species (Fig. 4) . Consequently, the different 323 hotspots have contrasting utility for conservation efforts as hotspot surrogacy cannot be assumed (see 324 Possingham and Wilson 2005 , Feng et al. 2011 , Daru et al. 2015 . The low overall congruence further 325 emphasizes the importance of the congruent hotspots for conservation (Figs & 5) . The partial congruence of 326 TSR and THR hotspots shows how, in some cases, the conservation of overall species diversity might 327 inadvertently be beneficial for threatened or near-threatened species. However, knowledge of the limited 328 congruence between metrics should not be neglected in future studies. 329
Diversity hotspots and protected areas 330
Regardless of substantial PA coverage, our results illustrate how looking at spatial extent alone 331 gives a rather simplistic indication of area effectiveness in conserving biodiversity: only a fifth of the predicted 332 hotspots are currently protected (Fig. 6 ). There is particularly little association between hotspots of TSR and 333 THR with PAs, suggesting that the current reserve network may not be sufficient for safeguarding the regions' 334 overall plant diversity or species of elevated conservation concern (Fig. 6 ). On the other hand, RRR and LCBD 335 hotspots show a higher rate of congruence with existing PAs. This congruence, possibly resulting from an 336 inclination of these hotspots to occur in the more northern, cooler climes, may, however, be challenged due to 337 the warming climate. The contribution of RRR and LCBD hotspots to biological and ecological uniqueness 338 
Conclusions 357
The drivers and differences between diversity metrics are highly relevant, interlinked areas of 358 research that could lead to a more effective balance between ecosystem functioning and conservation. Our 359 results indicate diversity patterns to exhibit high variability, illustrating the complexity of driving factors. 360
Nevertheless, we found that certain environmental variables can be defined as central for specific diversity 361 metrics. The climate-dependency of the metrics suggests that different aspects of high-latitude diversity may 362 face significant alterations due to projected climatic changes. However, our results highlight the significance 363 of topo-edaphic variables in predicting diversity hotspots for species of elevated conservation concern, 364 implicating certain conditions may sustain local populations of at-risk plants even under climate change. 365
Although the low hotspot congruence reduces proxy potential, understanding dissimilarities and 366 parallels between diversity metrics could advance knowledge of the processes underlying diversity patterns 367 and their relevance for conservation. Our findings have implications for future studies aiming to predict 368 biodiversity as well as conservation decisions. Furthermore, we highlight the importance of employing 369 comprehensive species and environmental data in predicting diversity and its manifestation across landscapes. vascular plant data (n =2073, spatial resolution 1 × 1 km) for which data thinning was applied are also 661
shown. In total, 812 data points were included in the models. 662 663 683 Figure 5 . Spatial overlap and mismatch for the different hotspot components. Hotspots occupy a total of 4255 684 grid cells of which 3354 are hotspots for one metric only. Overall hotspot congruence is thus low: 901 hotspots 685 were congruent for two metrics, with no congruent found for three or more metrics. See Table 1 for variable  686   descriptions and Table 2 for abbreviations 687 Figure 6 . Maps showing the congruence (in yellow) between the extent of the current protected area network 689 in the study region and the predicted diversity hotspots. The non-congruence (in orange), i.e. hotspots not 690 protected by protected areas, is also expressed in the inserted charts 691
